This study examines the potential of very-small-scale experiments to simulate the acoustics of large scale counter-rotating open rotors in isolation and with a rectangular-plate shield. The experimental rotor model was based on the historical F7/A7 design developed by General Electric. The 80-mm diameter rotors were fabricated using advanced stereolithography and were powered by two high-performance DC brushless motors. Realistic tip Mach numbers were achieved with the rotors spinning near 50000 rpm. Far-field acoustic surveys were conducted inside an anechoic chamber using a 12-microphone array. The isolated tests captured the tonal and broadband contents of open rotor noise. Rotor-alone tones dominated the sound emission in the vicinity of the rotor plane. In the aft direction, interaction tones were very strong. Addition of the rectangular plate shield created complex trends in the tonal content. Tones radiating in the direction of the rotor plane were well attenuated, while tones emitted in the aft direction were poorly shielded. Some tones were amplified with insertion of the shield. Even though the shield reduced the noise level in an overall sense, the complicated tonal pattern presents challenges for the effective reduction of aircraft noise.
I. Introduction
Rising fuel costs and environmental concerns have reinvigorated the open rotor concept for aircraft propulsion. The concept was investigated extensively in the 1970s and 1980s, culminating with the flight testing of the GE36 unducted fan engine on Boeing 727 and McDonnell Douglas MD80 aircraft 1 .
Research programs at NASA and industry resulted in a large number of reports on the aerodynamic performance and noise emission of open rotors, with emphasis on counter-rotating concepts [2] [3] [4] [5] [6] . While the propulsive-efficiency advantage of the counter-rotating open rotor, over a conventional turbofan engine, is unquestionable, installation, noise, and image problems beset the concept and it did not find commercial application. Perhaps the most vexing problem is the community noise caused by the rich tonal content of the counter-rotating open rotor. Present efforts include modeling and reducing the noise of the isolated rotor [7] [8] [9] , as well as exploring airframe-propulsion integration concepts that may result in a quieter system 10, 11 . The latter includes an open-rotor version of the hybrid-wing-body (HWB) airplane where the placement of the engine over the wing is exploited to shield downward-emitted noise 12, 13 . Subscale experimental tests of open rotors have occurred primarily at NASA wind tunnels (e.g., Refs. 5, 6) . These are state-of-the art facilities featuring pneumatic motors for powering the rotors and acoustic instrumentation that permits noise surveys as well as noise source location. The typical rotor diameter investigated is ~0.6 m, which about 1/5-1/7 of the scale of a rotor on a large commercial airliner. These experiments are obviously very expensive. Due to the complexity and cost of the rotor hardware, only a small number of parameters can be varied within a reasonable budget. This limits the parameter space and the number of innovative ideas that can be tested.
The advent of stereolithographic fabrication methods enables the three-dimensional "printing" of complex, small-scale objects with high resolution. For an intricate design like a propeller, the manufacturing costs are orders of magnitude lower than fabricating the same article using conventional machining. This would permit the investigation of a large number of concepts at small cost, identifying promising configurations that may merit testing at larger scale and filtering out ideas that do not show promise. The rapid-prototyping approach has been used successfully with jet noise testing of complex nozzle configurations 14 . The propeller presents the challenges of very fine trailing edge thickness, severe stress environment due to the very large rotational speeds required of a smallscale apparatus, and powerplant selection. Even though the scale is very small (in this study it is about 1/50th of full scale), the power requirements for realistic conditions are on the order of a few horsepower and are thus nontrivial. Selection of the power plant type should be compatible with the scope of this effort, i.e., not overly complex or expensive. The optimal solution appears to be the use of motors and power sources used in electric radio-controlled airplanes. The power plants are characterized by very high power densities delivered over a short time. Acoustic testing only requires short test times, therefore the RC motors are well suited for this purpose.
This paper describes an initial, internally-funded effort at addressing the above questions, i.e., whether the fabrication and testing of rotors at very small scale is technically feasible and produces realistic acoustics data. In addition, a small parametric study of rotor noise shielding was undertaken.
II. Rotor Design

A. Rotor Specifications and Geometry
The counter-rotating propeller configuration of this study was patterned after the General Electric F7/A7 rotor studied extensively in experiments at NASA facilities 5, 6 . The basic F7/A7 had eight blades for the front and aft rotors (8+8 configuration). Information in the open literature provides details on the distribution of stagger angle, camber angle, thickness ratio, chord, and axial and tangential distances from the pitch change axis 2 . However, the specifics of the airfoil profile were not included. Several studies emphasized a generic selection of the blade airfoil 4,9 , using NACA 65-series from the root to 40% percent of the blade that then transitioning to NACA 16-series airfoil. With this information regarding the aerodynamic profile, stacking characteristic, and airfoil geometry data, a realistic rotor can be synthesized.
In scaling down the rotor, the primary criterion was maintaining a tip speed similar to that of the full-scale rotor. This determines a relation between rotor diameter and rotational velocity. The sizing of the rotor is dictated by the availability of motors compatible with the scale of this effort. Some of the most powerful brushless DC motors used in radio-controlled aircraft achieve powers on the order of 2 kW and have an RPM/Volt rating on the order of 5000. The power limit, combined with the typical open-rotor pressure ratio of 1.05, leads to a rotor diameter of around 50-100 mm. The tip speed and RPM/Volt rating narrows this further to around 70-90 mm. Using this process, the rotor diameter chosen was D=80 mm. The required RPM for tip Mach number of 0.65 was 53,000.
The F7/A7 geometry given in the aforementioned reports is based on forward flight, typically at cruise Mach number. The present experiment, which was static, required a reduction in blade pitch angle to prevent blade stall. This was achieved by using blade element theory (BET) with an angle of attack criterion of 4 o . Accordingly, the tip pitch angles were 12. Manufacturing and structural concerns arose due to the thin nature of the blades. Thicknesses below 0.4 millimeters (0.016 inches) strained the capability of rapid prototyping machines and the articles would not form properly. Also, the rapid-prototyping material becomes fragile for very small thickness. Structural concerns were that the blades would fail due to the centrifugal force of operating at up to 60000 rpm. In response, the blade profiles were structurally modified. Figure 1 illustrates the alterations made to the airfoil profile, notably the increased thickness at the leading and trailing edges. The trailing edge thickness depends on the radial position of the section. Various trailing edge thickness profiles were designed and stress tested using Abaqus finite element analysis software (Dassault Systemes). Von Misses stress distributions of the final design operating at 60000 RPM are shown in Fig. 2 . The final design utilized a trailing edge thickness of 0.7 mm at the root graduallly reducing to 0.4 mm at the tip. The safety factor was approximately 1.2. The final rotor design is depicted in Fig. 3 . The rotor diameter was D=80 mm and the hub-to-tip radius was d/D=0.398. The rotor spacing between pitch change axes was x/D=0.2, or x =16 mm. The blade geometry was imported into SolidWorks CAD software (Dassault Systemes), as shown in Fig. 3 . Stereolithography files were generated, and fabrication was done by Fineline Corporation using 3D Systems' Viper High Resolution SLA machine. The material was Accura 60 resin by 3D Systems with tensile modulus of ~3000 MPa. The rotor blades were hand-finished to a highly smooth and polished surface using 12000-grit sandpaper. Figure 4 shows a photograph of the rotors tested. 
III. Experimental Setup
A. Counter-Rotating Rotor Apparatus
Small-scale acoustic simulation of the open rotor used a counter-rotating rig shown in Fig. 5 . The rig consisted of two rotors spinning in opposite directions. Each rotor was powered separately by a brushless DC motor. Each motor was enclosed in an aluminum hubs supported by stainless steel struts. The struts were mounted on two steel rods which enabled control of the spacing between the two rotors.
The two brushless DC motors were Hoffman Magnetics EDF 70 HW "Wild Beast" with maximum power output each of 1700 W and RPM/Volt rating of 5000. They were independently controlled using Castle Creations Phoenix 125-Amp electronic speed controller (ESC). The ESC can function on a continuous current of 125 amps and a surge current of 160 amps at 14.8 Volts. Power to the speed controller was supplied by a 4S (14.8-Volt) lithium-ion polymer (Lipo) battery with discharge rate of 30 C and capacity of 5000 mAh. The speed controller was controlled by a Spektrum AR6200 DSM2 6 channel receiver connected wirelessly to a Spektrum DX7 2.4 GHz seven-channel radio. The receiver was powered by a Castle Creations battery eliminator circuit (BEC). Figure 6 outlines the electronic circuitry.
Rotor speed was obtained through electronic means, using the process of Fig.7 . Inputs to the RPM sensor required a voltage signal from any two wires leading from the ESC to the motor. The raw signal voltage was reduced to levels tolerated by the data acquisition systems. A buffer was then used to prevent the low-pass filter circuit from loading the voltage divider circuit unacceptability and interfere with the frequency response of the filter. Implementation of the low-pass filter attenuates the fast switching pulse-width modulation (PWM) component of the signal. PWM is a technique used to relay data in the form of a varying pulse width, and is used to control power to the motor. The electronic circuit outputs a periodic waveform at the commutation frequency, which is the frequency of the switching of the polarity of the magnets to keep the motor turning. The highest peak of the spectrum of this signal is at the commutation frequency. Conversion from the commutation frequency f c (Hz) to RPM is given by the formula RPM=f c ·60·2/N p , where N p is the number of magnetic poles in the motor. The EDF 70HW has four poles, for which RPM=30f c . The RPM inferred from the blade passing frequency measured by the microphones was within 0.5% of the RPM measured directly using the above method.
American Institute of Aeronautics and Astronautics The microphones were connected, in groups of four, to six conditioning amplifiers (Bruel & Kjaer, Model 2690-A-0S4). The 24 outputs of the amplifiers were sampled simultaneously, at 250 kHz per channel, by three eightchannel multi-function data acquisition boards (National Instruments PCI-6143). National Instruments LabView software was used to acquire the signals. The temperature and humidity inside the anechoic chamber were recorded to enable computation of the atmospheric absorption.
The number of samples for each test run was 262144. The narrowband sound pressure level spectra were computed with a Fast Fourier Transform size of 8192, giving a frequency resolution of 30.5 Hz. The SPL spectra were corrected for actuator response, free-field correction, and atmospheric absorption. The overall sound pressure level was calculated through integration of the SPL spectrum. The SPL spectrum and OASPL are referenced to a distance of 305 mm (12 in.) from the midpoint of the two rotors.
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IV. Results
This section presents acoustic results for the isolated rotor and the rotor in combination with the plate shield. Where feasible, comparisons with past data from large-scale tests are made. Table 1 presents the experimental matrix covered in this paper. The discussion will focus on the blade-passing-frequency (BPF) tones of the front and aft rotors, BPF F and BPF A , respectively, and their interactions. For conciseness, the following convention will be used in naming the tones: 
A. Isolated Open Rotor
We examine first the acoustics with only the front rotor powered. The front rotor rotated at 54900 RPM or M tip =0.67. The unpowered aft rotor windmilled at an unknown rotational speed (RPM measurement was possible only if the motor was powered). However, it is safe to assume that the rotational speed of the aft rotor was much smaller than that of front rotor, and thus the front rotor was the primary noise source. Figure 10 displays the farfield SPL spectrum near the rotor plane (=94 o ) and in the aft direction (=35 o ). Near the rotor plane, the fundamental BPF tone (10) and its higher harmonics, up to tone 50, are evident. The peak of tone 10 is 30 dB above the broadband noise. Examining the spectrum in the aft direction we distinguish clearly tones 10, 20, and 30. Figure 12 plots the far-field narrowband SPL spectra near the rotor plane (=94 o ) and in the aft direction (=35 o ). We observe a rich content of tones, with the principal ones labeled. Near the rotor plane, the fundamental BPF tones (01, 10) and interaction tones 11 and 12 are dominant and of similar magnitude. The next stronger tones are interaction tones 13 and 31, about 10 dB lower than the dominant tones. In the aft direction the interaction tone 11 dominates all the other tones by ~20 dB. The next stronger tone is interaction tone 21, followed by tones 22 and 10.
The dominance of interaction tones in the aft direction is a key feature of the counter-rotating rotor and presents critical challenges in shielding aft-emitted noise. The polar directivities of the principal tones and the OASPL are plotted in Fig. 13 . The dominance of the interaction tone 11 in the aft direction is evident. For < 100 o , the strength of tone 11 increases with decreasing polar angle. There is also a sharp increase with > 100 o , although the trend that follows cannot be ascertained because the measurements end at =113
o . Of the interaction tones involving 2*BPF and 3*BPF, tones 22 and 33 have flat directivities and are strong in the aft direction. It is thus expected that tones 11, 22, and 33 will be the most challenging to shield.
American Institute of Aeronautics and Astronautics It is instructive to compare the present results with those from large-scale tests of the F7/A7 8+8 rotor. Quantitative comparisons are not possible because the large-scale tests had a flight stream and the operating conditions were slightly different from the conditions in this study. Past data were extracted from Woodward and Hughes 6 . The diameters of the front and aft rotors were 622 mm and 607 mm, respectively, whereas the present experiment used the same diameter of 80 mm. The rotational speed of the aft rotor was 90% that of the front rotor, similar to the present experiment. The tip Mach numbers were 0.72 and 0.66 for the front and aft rotors, about 15% higher than the present values. The acoustics were measured in a tunnel with a freestream at Mach 0.2, versus the static environment of this study. Finally, the acoustic measurements were collected by microphones at a sideline distance of 1370 mm (~ 2 rotor diameters) whereas our data are in the far field at a distance of at least 10 rotor diameters. Fig.14a reproduces the narrowband spectrum in the polar direction =108 o . The similarity with the small-scale spectrum of Fig.12a is evident. Fig. 14b presents an approximate reconstruction of tones 01, 10, and 11, and can be compared to Fig. 13a . Even though the relative levels are different, there is general agreement of the directivity trends, particularly for the interaction tone 11 whose amplitude is low at the rotor plane and amplifies in the aft direction.
B. Shielded Open Rotor
We examine the impact of the shield of Fig. 8 on the far-field acoustics. Figure 15 presents narrowband far-field spectra at =94 o for the isolated rotor and for the shielded rotor with X te /D=0.63 and 1.27. With increasing downstream shield length there is a significant reduction of the broadband level. There is a general reduction of the tones although it is non-uniform and not necessarily monotonic. A few tones actually amplify. Tone 22, one of the weaker tones for the isolated rotor, amplifies by about 5 dB for X te /D=1.27. Because the overall levels drop, tone 22 becomes the second dominant tone (after tone 11) at X te /D=1.27. In addition, tones that do not fall under rotoralone or interaction tones amplify with insertion of the shields, such as the tones at f=11.2 kHz and 14.7 kHz, indicated with red triangles in Fig. 15 . The spectral changes at =35 o are shown in Fig. 16 . Predictably, the overall reduction is less than at =94 o . The dominance of interaction tone 11 is evident. It is interesting to note that tone 11 is reduced for X te /D=0.63 but reappears strong for X te /D=1.27.
Figures 15 and 16 indicate that, although significant overall shielding occurs, the behavior of the tonal components is very complex and defies simple trends.
American Institute of Aeronautics and Astronautics Figure 17 plots the directivities of some of the principal tones for different shield lengths and compares them to the corresponding directivities of the isolated rotor. For the tones that peak near the rotor plane (such as tones 10, 01, 21, and 12) the shield with X te /D≥0.64 provides significant attenuation of the peak levels, on the order of 10-15 dB; smaller shield lengths (X te /D=0, 0.32) provide marginal reductions, even in the forward arc. For the tones that peak in the aft arc, or for the tones that amplify, the shield is much less effective in reducing noise. For interaction tone 11 ( Fig. 17c) there is virtually no reduction near =25 o , even with the long shield length of X te /D=1.27. The same observation applies to tone 22 (Fig. 17f) at low polar angles. Interestingly, tone 22 is not suppressed near =90 o due to its amplification with increasing shield length, as noted in the discussion of Fig. 16. Finally, Fig. 18 shows the impact of the shield on the directivity of the OASPL. Significant reductions are noted; however, these do not necessarily reflect the impact on aircraft noise due to the complexity of the tonal directivity discussed above. 
V. Concluding Remarks
This study examined the potential of very-small-scale experiments to simulate the acoustics of large scale counterrotating open rotors in isolation and with a rectangular-plate shield. The experimental rotor model was based on the historical F7/A7 design developed by General Electric. The 80-mm diameter rotors were fabricated using advanced stereolithography and were powered by two high-performance DC brushless motors. Realistic tip Mach numbers were achieved with the rotors spinning near 50000 rpm. Far-field acoustic surveys were conducted inside an anechoic chamber using a 12-microphone array. The isolated tests captured the tonal and broadband contents of open rotor noise. Rotor-alone tones dominated the sound emission in the vicinity of the rotor plane. In the aft direction, interaction tones were very strong. Addition of the rectangular plate shield created complex trends in the tonal content. Tones radiating in the direction of the rotor plane were well attenuated, while tones emitted in the aft direction were poorly shielded. Some tones were amplified with insertion of the shield. Even though the shield reduced the noise level in an overall sense, the complicated tonal pattern presents challenges for the effective reduction of aircraft noise. In assessing the simulation parameters for rotor tests at the very small scale, the paramount criterion is attaining realistic rotor tip speeds. The present study shows that this is technically feasible. Next are the issues of trailing edge thickness, Reynolds number, and forward flight. The trailing edge thickness is an issue of materials and fabrication technology; it is likely to improve somewhat in the future, although it is safe to assume that the relative thickness will be larger than in a large-scale test. Therefore, thickness noise should be evaluated systematically to assess the conditions under which results of very-small-scale tests may be problematic. Regarding effects of Reynolds number, in the present tests the Reynolds number based on the conditions near the rotor tip was around 10 5 , a regime that likely results in a laminar boundary layer, the latter expected in the full-scale application. In largescale tests, such as in Ref. 6 , the Reynolds number is on the order of 10 6 , a transitional regime which could in fact be more problematic than a purely laminar or purely turbulent boundary layer, the latter expected in the full-scale application. The lack of forward-flight capability is connected to the present facility and it not a generic limitation of small-scale rigs. Finally, there are obvious improvements to the existing setup that would have produced a cleaner testing environment, such as refining the support structure for the rotors. These were not pursued due to the very limited resources of this project.
It is again emphasized that very-small scale tests would not replace the experiments in large and richly instrumented facilities. Rather, they may serve as a filtering tool so that large-scale tests are used most efficiently and economically. They also present an opportunity for basic research at costs typical of university projects. The results presented here support this concept.
